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Summary of Low-B Linac Working Group

HIF Workshop
Claremont Hotel
Oct 29 - Nov 9, 1979

Requirements

The linac is required to deliver a certain current within a pre-
scribed 6-D phase space volume to the storage ring(s). Ilon sources
exist with brightness greater than can be handled by linacs. Adequate
brightness for the storage rings car be prescrved through the linacs il
thic current is shared by multiple linacs at the low-f end, with funnel-

ing to a single linac as beta increases.

Assumptions

Quitce adequate safety margins can be insured, perhaps at the expense
of a few extra low-B linac branches, (1) by requiring that the ra a0 of
space charge to restorinpg force be <( % 1in transverse and longdovdi !
phasc space, implylug a tune shlft u/oo > 0.7; (2) by keeping the beam
loading on the rf system <507 (prebably over-reetrictive); and (3) by
realizing that beam scraplng can be tolerated to any depree In the lTow-B

linac, since no radioactivity is inducced.

Scaling lLaws

Scaling laws for current limity work very well within the range of
che assumptions. At the Workshop wowe scalinpgs pertinent o phase-space
density and emjttance growth uwnder varfous conditlons were compared to
simulation and experdmental yesults. Further work in this area would be

uscf' 1 to clarify desipn 1scues and relaiive merlis of varlous structures.

Problem Areay
There rpoear to be no fundamental problem o in meceting the lTow ff

linac reqafrements,



Emittance dilution must be controlled. The assumptions above
essentially assure this, at the expense of a linac tree to split up the
current at the low-B end. Two modes of operation were proposed by the
varjous participants: one where the emittance always remains smaller
than the macuine acceptance even if growth occurs, and another where
the acceptance 1is filled and some particles are lost. Further work is
needed to clarify the trade-offs involved.

Combining the branches of the linac tree can be done In a variety
of ways by stacking, funneling and interlacing the beams transversely
and/or longitudinally. Schemes are pessible which keep the emittance
within the requirements. Nominal allowences for growth should be made
for some tuning error during operation. Rf deflectors would be required
for longitudinal interlacing; detalled design and simnlation work Is
needed, particularly at the final highest i comblonation sectlions.

A detailed simulation combining 21l ¢lements of a linac tree has
not been done - this Is casily within the capability of existing codes
and wonld quickly answer questions about emittance dilutdon for proposed
designs,

Some further experimental work in determining voltage breakdown
limits at various frequencies with actual beans would be most help ul
in eventual performance optlwmization.

Wall effects, structure impedance interactions, beam loading and
coherent cffects do not appear to be problems within the range of the
assunpt fons - at least for conventfonal structures. New Lypes such as
the R¥Q require scrutiny. The induction Tinac Is n yather independent
line of approach and much more experinental cevidence 15 needed to arrive

at level of confidence s.awiler to 1 f linaces,

Machine Studfes

Tont programs under way at ANL (Dynamitron + dndependent 1y phased
cavitiens + Whderoes), LBL (long drift -tubes), BNL (multiple- beam-electro
stat fe-focuning Tnace (MEQALAC)), and LASL (radio- {requency quadrupole
(RFQ)Y atructure) seem adequate to provide beam to subnequent ntages whene

the problema are harder, ond providee optfone for eventual optimtration,



Studies on the low-B accelerators will be very useful in pushing the

performance to the ultimate levels and understanding effects in detail.

Computer Simulation

As stated above, detailed simulation of complete systems should
resolve most remaining questions for conservative aecsigns where the
assumptions are ap,lied. Existing codes have good accuracy and have teen
experimentally verified in terms ot what happens to thc main 95% or so

of the bean.

Sinulations can help develop guidelines or formulas for predicting
emittance growth.

We used simulation rools at the Workshop to partially test a new

code against the PARMIIA standard, and to simulate the ANL Wideroe and
the BNIL. MEOALAUC to che-k scaling.

Design of the low-B sections will benefit from code development (e.g.
3-D space-charge) when it becomes necessary to optimlze system efficiency

and performance.

Finally, comparlson of simulations with experiments on the linacs

wil? push hardest the development of the experimental technlques.

Further Renarks

We expand the summary above, prepared imnediately after the Workshop,

with the followlag renmarks.

Requirements and Assumptions
The assumpt lons above are very conservative.  Fven though the economie
impact ol the low-beta sectton 1s small In terms of total tacklity cost,

there has been and will be fnterest In optimizing this sectton. Thir would

fnvolve operating with tune shifts 0.7, closer to (or even near) the space-

charge linit. It must be strongly emphasized, however, that the HIF re-

quirement is on six-dimensfonal brightuness, and the requirement 18 reason-

ably stringent.  Few of the destpng presented so tar have adequately

conuldered the overall brighiness yequlrement. 1ittle In known about

emittance behavior, cacept at the Hmlts ol zero or natwrated carrent.

Alwo, "current Timtea" mean different thinga to diffecent avthors, and

the definition being uned o a panticular eane s oftton not atated,



Saturated vs. VUnsaturated Operation

Two asyriptotic regions are commonly used in discussions of linac
operation: a low-current region where things are essentially linear and
a high-current region where the linac is saturated. We must carefully
separate these two extrema from each other and aluo from the region where
we usually operate a linac, which usually turns out to be in neither
asymptotic region. The scaling laws for each of these regions are very
different from each other, a8 point that needs to be emphas: zed.

Direct comparison between designs running in these two very different
operating modes, and "scaling" inferences drawn from these comparisons are
rather too common in the HIF literature to dnte.* We arguc with this methnd
of inferring general preperties and deciding “best approaches," rather than
with the results of the particular cases. In crher words, such comparisonsa
should not be called "scaling."

In the low-current region, single particle dynumics essentlally holds,
the particl - loss is low or zero, and the tune depression is small. Since
the particle loss 18 negligible, it 1s mcaningful to talk about a ratio
of exit to entrance emittance (dilution factor). The brightness nf the output
beam 18 lincar with input current i1f the input emittance in constant, or
converscly, if the inpat brightnesds is constant, so is the output brightness
1f the wachine always operates in the very low currenl mode., Few real
linacs operate in this repginn (but the SuperHILAC may he (ne of them).

in the intermediate 1cglon, tune shlift is significant and emittance
blow-up is not negligible. Efcaling cyuations vhich acc runt: for emittance
behavior do not exist yet, but particular cases can be Inveatipgated quite
well with computer simulation coder. It 1s csusential that emittance ns

vell as current be considered in system designs,

Scaling Laws

"Scaling laws" presented without proper explinat{ion can be confuning,
if not outrlght misleading.

Uaing lincarized equatlona of motlon and assuming c11ipsoldnl bean
bunchea with uniform charge distribution and no emittance growth, general

equations result for the transverse and lomgitudinal beam envelepe bhebavior

iinrlndlnu these prouvvd]n"n. lLet the reader beware.



in periodic focusing systems with acceleration. These equations, written
in terms of the forces acting on the particles, are the same for all rf
linacs.

The equations may then be rewritten in forms specific to a particular
type of linac. For example, the rf-quadrupole linac has continuous focus-
ing and may be formulated in that manner, or may be represented by an equiv-
alent hard-edged quad system. The number of BA's per focusing period has
a particularly strong influence.

Certain criteria may then bLe placed on the linac performance, for
example on the phase advance per period at zero current, 00, or on the phase
advance with current, O, or on both 00 and 0.

Further, physical constraints appropriate to a particular type of
structure or focusing method (e.g. electrostatic or electromagnetic) may

then be added. Cost constraints, for Instance from rf power requirements,

can also be folded 'n.

The resulting cquations, and numbers from them, can be extremely con-
fusing to someone clse, unless the derivation Is made very cleor. That 1s
why we want to emphaslze that the basie cquat ions are the sune, but perform-
ance and physical constrafnts con change the effect of a parameter drastic-
ally. Further, direct comparisons of cxamples using two different sets of
assumpt fjons are likely to be misle:ding. A particularly pood elucidation
of this point is glven by vasurT for transport systcems. For applicotion
to linacs, the longitudinal propers fes must be taken into account simulta-
neously, but the concepts are the some.

It wan very apparent at tne Workshop that a consistent comparison of
varjous lew-beta linac types has not been woade, By systematically deriving
relatlons for different sety of congtralnta, In the manners of Relner, rather
than fmpoaing the constraints a priori and Iuostantly Jumping to concluslons
md specific destpgns we would at least clarify the lesues and might oven
find more attractive nystems.

We did chieck varfous speclfle desipns curren’ ly ander conslderat fon,
ad found that the ealenlatel current Himits agreed well with computer code
pimulatlons In which the fonput curro st vas rafsed vatfl the outpat carrent
saturaled We also found that the eavelope equat tony, \pwd with o tuane ahiift
'J/U0 ~ 0.4, pive a value for the natmated transverse output enft tanee

wvhich aprees very well with computer simlatfona. The Vimit formulan mis



be applied on the basis of experience galned from the simulations as to the
point in the machine where the "bottleneck" occurs. For example, in the
LASL RFQ, the current limit bottleneck occurs at the end of the gentle
buncher, where the bunches are well-formed and the rapid acceleration begins.
In machines where bunched beams are injected, the current is limited at the
injection end.

Having gained this confidence in the agreement hetween computer codes

and the formulae gt the current limit, we could, and should, now proceed

as suggested above to refine our estimates of pe.formance bnunds, including
saturatad emittance and current loss.

The scaling relationships also are quite accurate and useful at lower
currents, except that they do not account for emittance growth. Some sys-
tematic numerical experiments have been done? which provide some insight
into emittance growth. but thoere are no useful formulas yet. MNowever,
mcaningful system comparisons could be made by assuming reasonable growth
factors. In this regime we must also be aware of the lon mource brilghtness
and how It varies as the current Is chinged, either by changing the ion

source parameters or by various types of scraping.

Funneling

Some of the important i1equirements on funneling schemes were reempha-
sized at the Workshop, in particular the desirability of fi11ling every
accelerating bucket in cacl stage. The geometries of the RFQ and Wideroe
structures are particularly suited to accomplishing thlu,3 while other
multi-chaunel conliiguratlons may not be.

Computer simulatfion work is nceded on the funneling regions to deslgn
sultable tvimmsport lines and deflectors and look &t ponsible emittance
growth, With propcr design, it In expected that the funneling scctions
wlil not degrade the emltiance slgnif leantly.  aceelerator arrays having
clonce packed beam chounels and int -Insle Jongltudinnl phasing (thun
avoiding f1ight path differences In the funmeling tranaport) are elearly
preferable.

At the Jowest enerpy end of the aystem, there may be some advantage
dn vunning In o current saturated mode, with 1o conaeguent heam loas
aud geometry defined emittance.  Thin mipght, for exomple, avoid another

love:l In the tree whiile not conpromining the emfttance regutred downst ream
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by an excessive amount. At the funneling points in the tree, the degree
to which the space charge limit is approached can easily be controlled

by choosing the appropriate velocity for the transition point. Considera-
tion of longitudinal matching will also be important in the funneling

region.

Computer Simulation

We wish ton reemphasize our belief that existing rf linac simulation
codes are quite adequate to proceed with more detailed designs and system
comparisons. Simulation of induction linacs is less advanced; the problenm

is complicated by the extreme aspect ratio of the heam bunch.

Experiment vs. Simulation

It w.s mentioned in the initial summary above that existing codes
tor rf linacs have been experimentally verified for the main part of the
beam. It nust be said that a spectrum of opinion could be found on this
point. The above statement is considered reasonuble if the modeling is
done with extreme care, and if physics clearly not in the present simulations,
like neutralizatdon effects, is also clearly not a factor in the experiment.
The main particle-tracing codes for rf linacs are six-dimensional and include
non-linear effects; thus there is general confldence 1n the physical descrip-
tion for the bulk of the beam. A whole host of detaijled considerations
come into any discussion of the entire beam, including fringe particles.
The wain point 1s there is not a wide body of experimental verification,
and research accelerators will be very helpful. Developuent of diagnostic
techniques is necessary, and the work involved in an overall verification
program i far from trivial. An area which will be particularly hard to
measure experimentally, and to simnlate properly, is the initial injection
and beam bunching region, where neatralization and longitudinal -transveise

coupling effect will complicate the situatfon.

R. A. Jamesoun

P. Lapostolle



